5-Aminolevulinic acid (5-ALA), the first compound in the porphyrin synthesis pathway, has been reported to ameliorate the diabetic state in Otsuka Long-Evans Tokushima Fatty rats by reducing fat pad weight in the retroperitoneal region. Dietary supplementation with 5-ALA has additionally demonstrated the capacity to lower blood glucose and HbA1c levels among subjects with diabetes. The etiology of nonalcoholic fatty liver disease (NAFLD) is complex and its typical characteristics include obesity and insulin resistance. As 5-ALA supplementation has previously normalized glucose and insulin resistance, we sought to investigate whether 5-ALA had potential therapeutic effects on NAFLD and elucidate the signal pathway mediating these effects. To explore these questions, we fed C57BL/6J mice a high-fat diet (HFD) to induce a fatty liver disease and supplemented the diet-induced obese (DIO) mice with 5-ALA. The mice in the presence of 5-ALA demonstrated a decrease in body weight and hepatic lipid content and moderate improvement in glucose homeostasis compared to untreated controls. Further, we found that 5-ALA activated AMPK signaling pathway, which was correlated with enhanced lipolysis and fatty acid β-oxidation. Human hepatocarcinoma cells (HepG2 cells) treated with 5-ALA were additionally used to investigate the mechanics of 5-ALA. Treated cells had a higher expression of lipolysis-related genes, including PGC-1α. Our data indicated that 5-ALA might represent a novel compound that could be useful for the treatment of nonalcoholic fatty liver disease (NAFLD), likely through the restoration of phosphorylation levels of AMPK (Thr172) and acetyl-CoA (ACC) (Ser79), further enhanced PGC1α and CPT1α expression.
Introduction
NAFLD is the most common liver disease worldwide. It comprises a spectrum of disorders characterized by liver steatosis, with >5% of hepatocytes infiltrated by fat in individuals with no history of alcohol abuse or competing etiologies for hepatic steatosis (Mavrogiannaki & Migdalis 2013) . Frequently, NAFLD clusters with metabolic abnormalities, including type 2 diabetes mellitus (T2DM), obesity, hypertension, hyperlipidemia, etc. Growing evidence has suggested that the main characteristic of NAFLD include insulin resistance (Fracanzani et al. 2008) , increased free fatty acids reflux from adipose tissue to the liver, hepatocyte lipotoxicity (Malhi & Gores 2008) , cardiovascular disease and aortic valve sclerosis (Targher et al. 2010) . To date, no optimal treatment has been found, underscoring the need for further efforts in elucidating the pathogenesis of NAFLD and distinguishing effective pharmacological therapies.
5-ALA, a naturally occurring precursor of porphyrin, is widely distributed in both plant and animal cells and serves as the biological precursor in the heme biosynthetic pathway. As the precursor of heme, ALA is an essential molecule in human and other vertebrates and may be associated with various metabolic disorders. Indeed, it has been reported that 5-ALA ameliorated the diabetic state more effectively than metformin in Otsuka Long-Evans Tokushima Fatty rats by reducing fat pad weight in the retroperitoneal region through a decrease in adipocyte mitochondrial content (Sato et al. 2014) . This suggests the usefulness of this compound as an antidiabetic agent. Some clinical studies have further suggested that 5-ALA can improve the glucose profile of prediabetic subjects (Rodriguez et al. 2012) . As a typical characteristic of NAFLD is insulin resistance, we hypothesized that 5-ALA supplementation could improve insulin resistance and set out to investigate the beneficial effects on hepatic lipid metabolism and NAFLD, which to date have remained unclear.
AMPK is a member of a larger metabolite-sensing protein kinase family and a highly conserved heterotrimeric serine/threonine protein kinase that regulates energy homeostasis in mammalian cells. AMPK activated by adenosine triphosphate (ATP) depletion or adenosine monophosphate (AMP) elevation can drive multiple cellular signaling pathways and exert diverse effects on lipid metabolism (Seo et al. 2015) . AMPK regulates both the fatty acid oxidation by the phosphorylation of acetyl-CoA carboxylase (ACC) (Hawley et al. 1996) and mitochondrial biogenesis through the increase of the expression of vital proteins for proper mitochondrial function, including peroxisome proliferator activated receptor c coactivator 1α (PGC-1α) (Baar et al. 2002) and carnitine palmitoyl transferase 1α (CPT1α). AMPK activation increases PGC-1α expression, which is a key downstream mediator of the effects of AMPK on mitochondrial function and fatty acid β-oxidation (Baar et al. 2002 , Handschin & Spiegelman 2006 . CPT1α is responsible for the transport of long-chain fatty acids into the mitochondria along with carnitine, to enhance fatty acid oxidation (Bruce et al. 2009 ). Impaired AMPK activation is associated with intracellular lipid metabolism disorders and strategies that activate AMPK and downstream PGC-1α and CPT1α can be harnessed for the prevention and treatment of lipid metabolism disorders (Ruderman et al. 2013) . A previous study (Ji et al. 2010) has indicated that 5-ALA mediated photodynamic therapy via the AMPK pathway. On this basis, this study was designed to investigate the metabolism-regulating effects and related mechanism of 5-ALA in NAFLD.
Materials and methods

Animals and diet
Laboratory Animals, Male C57BL/6J mice were purchased from Shanghai SLAC Laboratory Animal Co. Ltd. Mice were housed in laboratory cages at a temperature of 23 ± 3°C with a humidity of 35 ± 5% under a 12-h darkness/ light cycle (lights on/off at 07:00 h/19:00 h). Animals were maintained on a regular chow diet (Shanghai Laboratory Animal Co. Ltd, Shanghai, China). For the diet-induced obesity model, mice at 8 weeks of age were fed a highfat diet (HFD) containing 60% kcal of fat (D12492; Research Diets, Inc., NJ, USA) for 18 weeks. 5-ALA hydrochloride (catalog number: 20130701) was provided by Tian Yi Bio Co., Ltd. (Suzhou, China).
Animal treatments
All experimental procedures were approved by the Shanghai Jiao Tong University Experimental Animal Ethics Committee. The mice had free access to feed and distilled water. DIO animals were randomized into 5-ALA treatment groups (n = 5) and HFD control group (n = 5). After 18 weeks of HFD diets, 5-ALA was administered as a solution in phosphate buffer saline (PBS), 5 mg/kg, orally once a day or PBS as vehicle for 10 weeks in high-fat diet-induced obese mice.
Cell culture and treatments
Human hepatocarcinoma (HepG2) cells were maintained in Dulbecco's modification of Eagle's medium (DMEM) containing 10% fatal bovine serum at 37°C, 5% CO 2 . All culture media were supplemented with penicillin (100 U/mL) and streptomycin (100 μg). 
Body weight, food intake and fat mass
Throughout the experimental period, body weight and food intake were assessed weekly. After 10 weeks of treatment, animals were then killed by 2% pentobarbital sodium and necropsied, and liver was excised immediately, weighed and taken for estimation of triglyceride content. Different adipose tissues were separated and weighed, while livers were snap-frozen in liquid nitrogen immediately after resection before being stored at −80°C.
Glucose homeostasis
Blood samples were collected by the tail snipping method after overnight fasting (12 h) to measure fasting glucose levels using the ACCU-CHEK glucometer (Roche diagnostics) once a week during the entire duration of study. Insulin tolerance tests (ITT) were performed on the 8th week of treatment. Before ITT, mice were fasted for 6 h before being weighed. Blood samples were collected from the tail vein to evaluate fasting plasma glucose levels. Next, animals received an intraperitoneal injection of regular human insulin at 0.75 U/kg body weight (Humulin regular insulin, Eli Lily). Serum glucose levels were subsequently measured at 0, 15, 30, 60 and 90 min after insulin injection using the ACCU-CHEK glucometer. Glucose tolerance test (GTT) was performed on the 9th week of treatment 0, 30, 60, and 90 min after 1 g/kg glucose challenge using ACCU-CHEK glucometer by tail clip method.
Histological and morphometric analysis of liver
Liver tissue was isolated and fixed with 4% paraformaldehyde for 24-30 h at room temperature and embedded in paraffin. 5 μm thick paraffin-embedded tissue sections were then deparaffinized and rehydrated in graduated alcohol in distilled water. Digital images of hepatic tissue sections were captured using a light microscope (Olympus) at ×10 and ×20 magnification. For each group, 5 fields from each of the 5 different hematoxylin-eosin stained sections per animal were analyzed.
Measurement of hepatic triglyceride (TG) content
Triglyceride (TG) contents in mice were measured using the triglyceride determination kit (Sigma, triglyceride reagent T2449 and free glycerol reagent F6428) according to the manufacturer's instructions. After extraction of total liver lipids with chloroform/methanol (2:1, vol/vol), the dried lipid was re-suspended in 1 mL of 100% ethanol and optical density (OD) value was determined at 540 nm. The TG content was expressed in milligrams of lipid per gram of liver tissue.
Real-time quantitative polymerase chain reactions (RT-PCR) analysis
Total RNA was extracted from of each mouse liver sample and cultured HepG2 cells by TRIzol reagent (Invitrogen Biotechnologies) according to the manufacturer's instructions. For reverse transcription, 1 μg of the total mRNA was converted to first-strand complementary DNA in 20 μL reactions by Moloney murine leukemia virus-reverse transcriptase using random hexamer primers (Invitrogen) with a cDNA synthesis kit (Promega). Quantitative RT-PCR was conducted with an ABI Prism 7500 sequence detection system, using the SYBR Green PCR Master Mix (Applied Biosystems). The primer sequences are listed as follows and 18s expression was quantified and used as an internal control for normalization according to the 2−ΔΔcycle threshold method. 
Western blot analysis
We extracted proteins from mouse livers and cultured HepG2 cells by RIPA lysis buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris-HCl, pH 7.4) with the protease inhibitor phenylmethanesulfonyl fluoride (PMSF). The protein content was assayed by BCA protein assay reagent (Pierce) according to the manufacturer's protocol. Protein lysates were further resolved by SDS-PAGE and then transferred to a nitrocellulose membrane. We blocked the nitrocellulose membrane with Tris-buffered saline with Tween20 containing 5% nonfat milk, followed by incubation with the following primary antibodies overnight at 4°C: phosphor-AMPK, AMPK, acetyl-CoA (ACC), phosphor-ACC, CPT1α, PGC-1α and heat shock proteins (HSP90). All the above antibodies were purchased from Cell Signaling Technology. Blots were then probed with corresponding horseradish peroxidase-conjugated secondary antibodies (Cell Signaling) and visualized by an enhanced chemiluminescence detection kit. All the protein levels were normalized to HSP90 expression and expressed as arbitrary units.
Primary hepatocyte isolation
Primary hepatocytes were isolated from AMPKα1/AMPK α2 flox (gift from Prof. Li Jia, Shanghai Institue of Materia Medica) and control mice, which have been fasted for 2 h. After isolated cells were plated on collagen type I-coated 12-well plates in DMEM with 10% fetal bovine serum at a density of 5 × 10 5 cells per well. After 12 h, hepatocytes transfected with adenovirus-cre, and then after 24 h, primary hepatocytes incubated with 5-ALA (300 µm) for 4 h to detect the protein expression.
Statistical analysis
All statistical analyses were performed with Prism Software (Graph Pad) using the independent t-test. Data are presented as mean ± s.e.m., with P < 0.05 considered as statistically significant.
Results
5-ALA decreased body weight and improved glucose tolerance in diet-induced obese mice
We conducted 5-ALA dietary supplementation experiments to analyze its phenotypic effects on DIO mice over the course of 10 weeks. 5-ALA administration resulted in a gradual body weight decrease from the first treatment week, reaching a maximum decrease of 16% body weight on the 10th week of treatment ( Fig. 1A and B) . During the course of the study, food consumption was recorded weekly and did not show a significant difference between the 5-ALA-treated group and the vehicle-treated control HFD mice (Fig. 1C) .
We compared glucose tolerance among the two groups of mice to examine whether 5-ALA correlated with glucose metabolism. 5-ALA-treated mice exhibited lower blood glucose levels compared to vehicle-treated mice beginning the 7th week of treatment (Fig. 1D) . We further tested the impact of 5-ALA on glucose intolerance in both groups. The data indicated an improvement in glucose intolerance in the 5-ALA group as measured by an intraperitoneal GTT. We observed ~10% decrease in glucose excursion as compared to controls (glucose AUC of 5-ALA treated vs vehicle treated; P < 0.05) (Fig. 1E ). Compared to vehicle-treated animals, 5-ALA-treated mice also demonstrated a significant decrease in serum glucose concentrations according to an ITT (Fig. 1F) .
5-ALA decreased white adipose tissue content and relieved hepatic steatosis
At the end of the study, fresh liver and surrounding epididymal fat tissue were weighed. Significant decreases in the weight of the two tissues were observed in the 5-ALAtreated group compared to the vehicle-treated group ( Fig. 2A and B) . TG levels were also decreased by 5-ALA supplementation compared to controls (43.75 ± 4.03 vs 29 ± 2.58 mg/g tissue; P < 0.05) (Fig. 2C) . Histological evaluation of liver from the two groups also demonstrated that HFD animals had increased macro-vesicular steatosis with larger lipid droplets compared to lean controls. In 5-ALA-treated animals, a significant reduction in macrovesicular steatosis was observed (Fig. 2D) , which was consistent with the decrease in hepatic TG content.
5-ALA promoted lipolysis and fatty acid beta-oxidation to ameliorate hepatic steatosis through AMPK pathway activation
5-ALA alleviated hepatic steatosis without exerting changes in the feed consumption during the study period. This may be due to increase in energy expenditure, such as adipose lipolysis and fat oxidation. To investigate this, we compared the gene expression of lipolysis and fatty acid beta-oxidation marker genes including PGC-1α (Fig. 3A) and CPT1α (Fig. 3B) were increased in the 5-ALA-treated group compared to vehicle-treated animals (P < 0.05). The AMPK signaling pathway could enhance energy expenditure through upregulation of adipose lipolysis and fat oxidation, so we investigated whether 5-ALA may activate AMPK signaling through the examination of AMPK pathway proteins. Western blotting results indicated that phosphorylation of AMPK and its downstream marker ACC were increased along with PGC-1α and CPT1α expression in the 5-ALA-treated group (Fig. 3C ). Additionally, we tested lipogenesis-related genes ACC, SREBP-1C and FAS, though no differences between the two groups were observed (data not shown). These findings implied that 5-ALA may alleviate hepatic steatosis through the AMPK signaling to increase fatty acid oxidation.
5-ALA promoted lipolysis and fatty acid beta-oxidation gene expression and activation of the AMPK pathway in HepG2 cells
To examine recapitulate and more precisely examine the effects of 5-ALA on lipid metabolism in vitro, we incubated HepG2 cells with 200 μm 5-ALA for different time periods (15 min, 30 min, 2 h, 4 h). Western blotting showed that the activation of the AMPK pathway was dependent on the timing of 5-ALA administration, with maximum (Fig. 4C) . 5-ALA activation of AMPK was also dose dependent, achieving optimal activation at a dose of 200 μm (figure not shown). As an AMPK activator, AICAR appeared to enhance PGC-1α (Fig. 4A) and CPT1α (Fig. 4B ) mRNA levels in a quantitative (q) RT-PCR analysis. Consistent with the results of AICAR (taken as a positive control of AMPK activation), 5-ALA also significantly upregulated genes involved in fatty acid oxidation, including PGC-1α (Fig. 4A) and CPT1α (Fig. 4B) mRNA levels. Further, Western blotting results showed that phosphorylation of AMPK and its downstream marker ACC increased in tandem with PGC-1α and CPT1-α expression in HepG2 cells treated with 5-ALA. These results were in accordance with the observed results of 5-ALA-treated animals.
Deletion of hepatic AMPK results in decreased PGC-1α and CPT1-α To evaluate the role of hepatic AMPK in 5-ALA action, we deleted AMPKα1/AMPK α2 in the primary hepatocytes, which transfected with the Cre recombinase. We have obtained the AMPKα1/AMPK α2 flox mice, and isolated the primary hepatocytes, which transfected with the adenovirus-cre for 24 h, and then incubated with 5-ALA, we found that CPT1α and PGC1α decreased in primary hepatocytes of AMPKα1/AMPK α2 flox mice, compared to the hepatocytes from the control mice (Fig. 5) . Therefore, loss of function of AMPK is very critical for the role of 5-ALA.
Discussion
5-ALA is produced in the heme biosynthetic pathway with no toxic side effects when used as a dietary supplement, according to a report by Rodriguez and coworkers (Rodriguez et al. 2012) . A previous report has also shown that 5-ALA could promote aerobic energy metabolism by enhancing Cox activity in mitochondria to increase ATP levels (Ogura et al. 2011) , a feature which is supported by the phenotype of the mice in our study. In addition, a previous study revealed that 5-ALA ameliorated diabetic abnormalities in Otsuka Long-Evans Tokushima Fatty rats by reducing the visceral fat mass (Sato et al. 2014) .
As obesity is a critical risk factor for the development of NAFLD, and strengthening energy expenditure may be an effective approach against NAFLD, we speculated that the lipid-lowering action of 5-ALA may have beneficial effects on the development of NAFLD. Adipose tissue is responsible for 60% of TG accumulation. Excess lipid spill over from the incompetent adipose tissue may lead to lipid deposition in organs such as liver and muscle. Moreover, adipose tissue is a major source of free fatty acids, hormones, cytokines and other factors secreted into the circulation and frequently taken up by the liver. The peripheral free fatty acid flux derived from visceral adipose tissue is thus a major determinant in the accumulation of hepatic and lipoprotein fat in NAFLD. Identification of a novel molecule or compound that accelerates lipolysis or lipid beta-oxidation is an important pharmacological approach for NAFLD treatment. For the first time here, we put forward that 5-ALA has powerful lipid-lowering capacity that ameliorates hepatic steatosis through the activation of the AMPK signaling pathway.
Our study was designed to investigate the metabolismregulating effects and related mechanisms of 5-ALA. 5-ALA was administered to DIO mice on HFD. Metabolicrelated parameters were measured weekly, including food intake, body weight and fasting blood glucose during the period of 5-ALA treatment. On the 9th week of treatment, we performed ITTs and GTTs to validate 5-ALA's effects on glucose metabolism. After 10 weeks of treatment, animals were killed and liver and adipose tissue were collected for further analysis. In our study, 5-ALA showed weight and hepatic lipid-lowering effects on HFD administered mice without interfering with appetite. 5-ALA suppressed hepatic steatosis, lowered serum triglyceride (TG) and decreased body weight gain in animals with hepatic steatosis. Further, glucose intolerance and hypertriglyceridemia were improved, demonstrating the ability of 5-ALA to ameliorate diabetic abnormalities through the reduction of fat mass. In further support of this, lipolysis and lipogenesis gene expression patterns were verified in both mouse liver tissue and in a hepatic cell line treated with 5-ALA. Both the in vivo and in vitro assays showed that 5-ALA promoted mitochondrial function and fatty acid β-oxidation through the activation of AMPK signaling, subsequently modulating the downstream target genes PGC-1α and CPT1α. 5-ALA also promoted the phosphorylation of AMPK at threonine 170 and upregulated hepatic expression of its target genes involved in fatty acid oxidation (such as hepatic CPT1α and PGC-1α). 5-ALA activated AMPK suppressed hepatic steatosis, lowered serum triglyceride (TG) and decreased body weight gain in animals with hepatic steatosis.
In summary, our results demonstrated that 5-ALA accelerated lipid beta-oxidation to ameliorate hepatic steatosis through the activation of AMPK signaling and upregulation of hepatic expression of its target genes involved in fatty acid oxidation, such as hepatic CPT1α and PGC-1α. We demonstrated this mechanism not only in 5-ALA-treated DIO mice but also in 5-ALA-treated cultured hepatic human cells, allowing us enhanced confidence in this novel mechanism of 5-ALA action on NAFLD etiology. Most importantly, our findings support the potential therapeutic applications of 5-ALA in the treatment of NAFLD.
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